Objectives: We previously reported that conditioned medium from cultures of bone marrow-derived mesenchymal stem cells have strong potential to accelerate bone regeneration. We now examine in vitro and in vivo a defined cytokine cocktail that mimics the effects of conditioned medium on bone regeneration.
euthanized and the femora were dissected. Basal medium containing MSCGM SingleQuots was then injected aseptically into the bone marrow using an 18-gauge syringe to flush bone marrow cells. Cells collected from three flushes were seeded into a cell culture dish (Greiner Bio-One International GmbH, Kremsmünster, Austria) containing MSC basal medium supplemented with MSCGM SingleQuots and 10% foetal bovine serum (FBS), and cultured at 37°C and 5% CO 2 /95% air. Floating cells were removed after 3 days, and the medium was refreshed. When nearly confluent, adherent, spindle-shaped cells were harvested with 0.05% trypsin/ethylenediaminetetraacetic acid, resuspended in fresh medium, and transferred to new dishes at 1 × 10 4 cells/cm 2 . rMSCs obtained after 2-4 passages were used in subsequent experiments.
| Preparation of conditioned medium
Human bone marrow-derived mesenchymal stem cells, 70-80% confluent, were rinsed with phosphate-buffered saline (PBS), and fed serum-free Dulbecco's modified Eagle's medium (DMEM) (Gibco;
Thermo Fisher Scientific, Waltham, MA, USA) containing 100 U/ mL penicillin G, 100 mg/mL streptomycin and 0.25 mg/mL amphotericin B (Thermo Fisher Scientific). The medium was collected after 48 hours, centrifuged for 5 minutes at 407 g and then for another 
| Cytokine depletion
Cytokines were depleted from conditioned medium using rabbit antihuman polyclonal antibodies against IGF-1 (LS-C36891; LifeSpan BioSciences, Inc., Seattle, WA, USA), VEGF (ab39250; Abcam, Cambridge, UK) and TGF-β1 (ab125287; Abcam). Briefly, Protein G Mag Sepharose (GE Healthcare Ltd, Little Chalfont, UK) was precoated with 28 ng/mL anti-IGF-1, and gently mixed with conditioned medium overnight at 4°C, using an MTR-103 rotator (AS ONE Co., Osaka, Japan). Beads were then removed by centrifugation for 5 minutes at 1630 g, and the supernatant was depleted in a similar manner using 10 ng/mL anti-VEGF and 7 ng/mL anti-TGF-β1. Enzyme-linked immunosorbent assay was used to confirm depletion.
| Cytokine cocktail
Recombinant human IGF-1 (Somazon ™ ; Astellas Pharma Inc., Tokyo, Japan), VEGF-A (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and TGF-β1 (R&D Systems, Inc., Minneapolis, MN, USA) were prepared at 1400, 500 and 350 pg/mL to match the respective concentration in conditioned medium. 
| Endothelial tube formation
Endothelial tube formation was assessed using an in vitro angiogenesis Master Mix (Applied Biosystems, Thermo Fisher Scientific), and monitored in real-time using a 7000 Sequence Detector (PerkinElmer, Forster City, CA, USA). Targets were amplified over one cycle at 50°C for 2 minutes, one cycle at 60°C for 30 minutes, one cycle at 95°C for 5 minutes, 50 cycles at 95°C for 20 seconds (denaturation) and 60°C for 1 minute (annealing and extension). The relative amount of target mRNAs in one sample was obtained according to the corresponding standard curves, which were constructed using 625, 125, 25, 5 and 1 ng total RNA. Relative expression was normalized to GAPDH. Assays were repeated five times and data are represented as mean ± SD.
| Rat model of calvarial bone defect
Wistar/ST rats, 8 weeks old, were anesthetized by intraperitoneal injection of 20 mg/kg pentobarbital (Somnopenthl ™ ; Kyoritsu Seiyaku, Tokyo, Japan). After shaving, a straight incision was made below the ear, and the periosteum was raised to expose the surface of the calvarial bone. Two circular defects (full thickness, diameter 5 mm) were created in the calvarial bone using a high-speed trephine bur, with 
| RESULTS

| Effect of cytokine cocktail on rMSC migration
Conditioned medium (63.0 ± 9.99) and the cytokine cocktail (61.4 ± 7.16) significantly increased the number of migrating rMSCs in comparison to serum-free DMEM (7.44 ± 3.75) and depleted conditioned medium (44.1 ± 9.01). There was no statistical difference between conditioned medium and cytokine cocktail. Migration also increased in cells exposed to DMEM supplemented with 30% FBS (82.4 ± 5.77), as expected (Figure 1 ).
| Effect of cytokine cocktail on endothelial tube formation
Vascular networks were formed in the presence of conditioned medium, cytokine cocktail and VEGF (Figure 2A Figure 2C ). Tube formation was comparable between cells exposed to the cytokine cocktail and to conditioned medium, although cytokine depletion from the latter significantly suppressed tube formation. 
| Cytokine cocktail regulates expression of osteogenic and angiogenic marker genes
| Effect of cytokine cocktail on regeneration in damaged rat calvarial bone
Absorbable TERUDERMIS scaffolds soaked in cytokine cocktail or other treatments were implanted into surgically damaged rat calvarial bones. The area of newly regenerated bone was then quantified by micro-CT as a percentage of the total graft area 2 weeks after implantation ( Figure 4A ). We found that pre-treatment of scaffolds with conditioned medium and cytokine cocktail significantly increased the area of newly regenerated bone to 74.94 ± 19.11% and 73.15 ± 11.95%, relative to damaged bone without scaffolds (Defect) (15.27 ± 8.21%) and to implants pre-soaked in PBS (31.61 ± 5.23%). In contrast, the area of newly regenerated bone in scaffolds pre-soaked with depleted conditioned medium (35.65 ± 7.62%) was comparable to the latter two ( Figure 4B ). Histology also showed that implants treated with cytokine cocktail and conditioned medium were well covered with newly regenerated bone, while damaged bone without scaffolds (Defect) was covered mostly with connective tissue, as were damaged bone implanted with scaffolds soaked in PBS or depleted conditioned medium ( Figure 4C ).
| CD31 and CD105 expression in damaged rat calvarial bone
Scaffolds pre-soaked in cytokine cocktail and conditioned medium and implanted into surgically damaged calvarial bone were colonized with numerous CD31-or CD105-expressing cells. Fewer such cells were observed in scaffolds pre-soaked in cytokine-depleted conditioned medium ( Figure 5 ).
| DISCUSSION
The therapeutic value of mesenchymal stem cells in tissue engineering and regenerative medicine is attributable in part to paracrine pathways 6,7 triggered by several secreted factors secreted into culture media. 24 Indeed, we have reported that conditioned media from hMSCs contains cytokines such as IGF-1, VEGF and TGF-β1, which may synergistically affect migration, angiogenesis and osteogenesis in host mesenchymal stem cells. Thus, conditioned media have great potential to regenerate bone and periodontal tissue. [13] [14] [15] [16] [17] [18] The effects of these three cytokines are thought to be very complex, although IGF-1 is believed to regulate migration of osteoblasts 25 and mesenchymal stem cells, 26 and sustained systemic or local infusion of IGF-1 was shown to enhance bone formation. 27 On the other hand, VEGF is a master regulator of angiogenesis, and enhances survival and differentiation in endothelial cells that promote osteogenesis, 28 while TGF-β1 stimulates migration of osteoprogenitor cells and regulates cellular proliferation, differentiation and production of extracellular matrix.
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However, conditioned media contain numerous other soluble factors that may positively and/or negatively regulate bone regeneration, so it is essential to identify the specific factors that regenerate bone.
In this study, we hypothesized that IGF-1, VEGF and TGF-β1 are the relevant factors. Thus, we evaluated the activity and pharmacologic effects of a defined mix of these cytokines, as well as those of conditioned medium from which these cytokines had been depleted.
F I G U R E 1
Conditioned medium (CM) and a cytokine cocktail (CC) promote cell migration. Conditioned medium and a cocktail of insulin growth factor-1 (IGF-1), vascular endothelial growth factor-A (VEGF) and transforming growth factor-β1 (TGF-β1) significantly increased rat mesenchymal stem cell migration in comparison to conditioned medium from which IGF-1, VEGF and TGF-β1 had been depleted (depCM) (data are mean ± SD, n=5. P<.01) F I G U R E 2 Conditioned medium (CM) and a cytokine cocktail (CC) promote tube formation. (A) Tube formation in human umbilical cord vein endothelial cells cultured in endothelial cell medium (EM), conditioned medium (CM), cytokine-depleted conditioned medium (depCM), cytokine cocktail (CC) or 500 ng/mL VEGF. Scale bar, 500 μm. Developing new blood vessels were observed under a microscope after 10 h, and cells were photographed under phase contrast at 40× magnification. The CC and CM increased both tube length (B) and branching points (C), although depletion of cytokines from conditioned medium (depCM) blocked this effect (data are mean ± SD, n=5. P<.05)
The concentration of these cytokines in conditioned medium was carefully measured by ELISA to be 1386 ± 465, 468.5 ± 109 and 339.8 ± 14.4 pg/mL, respectively, and the cytokine cocktail was prepared with 1400 pg/mL IGF-1, 500 pg/mL VEGF-A and 350 pg/mL TGF-β1 to match these concentrations.
Some recombinant cytokines, including bone morphogenetic protein-2 and platelet-derived growth factor-BB, are already on the market, and are widely used in the clinic to effectively regenerate bone or periodontal tissue. 19, 30 However, high doses are typically required to achieve sufficient bone volume. 31 For example, INFUSE ® Bone Graft (Medtronic, Minneapolis, MN, USA) contains 1.5 mg/mL recombinant human bone morphogenetic factor-2 in a bovine collagen carrier, and is about a 1000-fold more concentrated than conditioned medium.
Similarly, the periodontal implant GEM21S ® (Osteohealth, Shirley, NY, USA) contains a significantly concentrated amount (0.3 mg/ mL) of recombinant human platelet-derived growth factor-BB in a porous beta-tricalcium phosphate matrix. Unfortunately, such high doses may also evoke adverse events such as severe oedema, as was reported for bone morphogenetic protein-2. 20,21 Accordingly, various cytokines have been tested preclinically over the last 20 years and more, but with little progress to the clinic. Notably, we found by histology that infiltration of inflammatory cells was less pronounced in scaffolds treated with the cytokine cocktail ( Figure 4C ), presumably because the mix contains a well-defined set of cytokines at a lower dose.
On the other hand, a combination of appropriate cytokines may synergize to exert multiple effects, 32 and thereby elicit bone regeneration at a lower dose of each. For example, IGF-1 was reported to enhance VEGF expression via hypoxia-inducible factor-2a. 33 Similarly, TGF-β promotes VEGF expression in human cerebral microvascular endothelial cells, 34 and increases the amount of available IGF by downregulating expression of IGF-binding protein. 35 In line with these, we observed that a mix of these three cytokines promoted bone regeneration in vitro and in vivo more strongly than a single cytokine or a mix of two (data not shown). Hence, we hypothesized that a combination of these three cytokines was ideal.
Importantly, our data indicate that like conditioned medium, a defined cytokine cocktail enhanced migration ( Figure 1 ) and According to the cytokine antibody array analysis that we performed before, 36 as CC includes numerous factors except these three cytokines that will affect the cellular behaviour, depCM has some residual activities in vitro and in vivo (Figures 1-4) . However, these data showed the significant decrease compared with the data from both CM and CC, and strongly suggested that the depletion of these three cytokines was successful. CC also elicited bone regeneration, as indicated by early migration of stem cells and endothelial cells ( Figure 4A -C, and Figure 5 ). These synergistic effects are due to the combination of cytokines each, and appear to be unachievable with a single cytokine. Therefore, CC may overcome the current issues with cytokine therapy, and offer more significant clinical value. As clinical studies of CM did not evoke adverse events, 18 CC will promise to be a well-defined alternative with similar properties.
We have been reported the advantages of CM for bone and periodontal tissue regeneration. [13] [14] [15] [16] [17] [18] Bone and periodontal tissue regeneration by CM was achieved with angiogenesis and endogenous stem cells proliferation and differentiation. In other words, these findings indicated the possibilities that CM will be an alternative method to exogenous stem cell transplantation for tissue regeneration. Our previous study indicated that the potential CM to promote bone regeneration was at least equal to that of mesenchymal stem cell transplantation in rat calvarial bone defect model. 14 CM will also F I G U R E 4 Conditioned medium (CM) and a cytokine cocktail (CC) elicit bone regeneration in damaged rat calvarial bone. A, Micro-CT indicated that newly regenerated bone had almost covered the defect 2 wk after implantation with scaffolds pre-soaked in cytokine cocktail (CC) and conditioned medium (CM), and to a lesser extent, after implantation of scaffolds pre-treated with cytokine-depleted conditioned medium (depCM). B, Per cent bone regenerated as measured by micro-CT at 2 wk, indicating that the CC and CM increase bone regeneration. Data are mean ± SD, n=8. C, Histological sections of the damaged calvarial bone were stained with haematoxylin and eosin to evaluate bone regeneration 2 wk without treatment, or 2 wk after implantation of scaffolds pre-soaked with PBS, CM, cytokine-depleted conditioned medium (depCM) and CC. In untreated bone or in bone implanted with scaffolds pre-soaked with cytokine-depleted medium and PBS, the defect was filled with connective tissue and was infiltrated with inflammatory cells, especially in untreated bone (Defect). In bone treated with implants presoaked in CC and CM, newly regenerated bone had begun to cover the defect and ossify without infiltration by inflammatory cells F I G U R E 5 Conditioned medium (CM) and a cytokine cocktail (CC) enhance migration of endogenous endothelial and mesenchymal stem cells. One week after implantation into damaged calvarial bone, tissues were immunostained for (A) CD31 (red), a marker of endothelial cells, and (B) CD105 (green), a marker of stem cells. Cell nuclei were labelled with DAPI (blue). Scale bar, 200 μm. In bone implanted with scaffolds pre-soaked in CC and CM, CD31-and CD105-expressing cells had accumulated at the edges of the damage. Accumulation of these cells was less pronounced in bone implanted with scaffolds pre-soaked in cytokine-depleted conditioned medium (depCM)
